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Available online 3 July 2007AbstractNWA1241 is an unusual monomict ureilite, consisting mainly of pigeonite, olivine, suessite, and carbonaceous materials. The
modal ratio of pyroxene/(olivine þ pyroxene) is higher than those of common monomict ureilites. Metallic phases in NWA1241 are
mainly suessite, although metals in common ureilites are mainly kamacite. The high ratio of pyroxene to olivine and the abundant
occurrence of suessite make the meteorite unusual. The suessite coexists with magnesian olivine and pyroxene in NWA1241, and
this mineral assemblage indicates that the suessite was produced from FeO-bearing olivine and Ni-bearing kamacite at temperatures
around 1500e1400K and oxygen fugacity of 1018e1020 bars.
Most ureilites experienced two-stage reduction. Stage-I reduction was a smelting process in ureilite parent bodies (UPB’s) to
form the framework of monomict ureilites. Stage-II reduction took place after catastrophic destruction of the UPB’s to eject
many fragmental blocks into space, where suessite (NWA1241) or Si-bearing kamacite (common ureilites) were produced together
with the formation of reversely zoned olivines.
 2007 Elsevier B.V. and NIPR. All rights reserved.
Keywords: Monomict ureilites; Unusual ureilites; Suessite; Silicide; Ureilite formation1. Introduction
NWA1241 was recovered from the Libyan Desert in
2001, and was classified as a ureilite (Russell et al.,
2002). This meteorite is an unusual monomict ureilite,
as it contains abundant suessite and larger modal ratio
of pyroxene to olivine than common ureilites. Petrology
and mineralogy of NWA1241 are not yet reported,
although Warren (2004) and Rubin (2006) discussed
the Cr2O3 contents of olivines in NWA 1241 and the
shock degree of the meteorite, respectively. This paper
presents detailed petrology of the unusual NWA1241
ureilite and will discussed the origin.E-mail address: y-ikeda@mx.ibaraki.ac.jp
1873-9652/$ - see front matter  2007 Elsevier B.V. and NIPR. All rights
doi:10.1016/j.polar.2007.05.0022. Analytical method and sample
One petrologic thin section, 15 mm  12 mm, was
produced from a chip of NWA1241. It served for obser-
vation under a petrologic microscope and for chemical
analyses by electron-probe microanalyser (EPMA). The
accelerating voltage and current of EPMA are 15 kV
and 5e10 nAmp respectively, although 3 nAmp was
used for analyses of glass in order to suppress the evap-
oration loss of alkalis. In spite of the low current of
EPMA, alkali contents of glass in NWA1241 are still
low, and the low alkali contents may be due to terrestrial
weathering. The original glass in NWA1241 has
become altered by terrestrial weathering; the softened
glass is easily holed by bombardment of an electronreserved.
46 Y. Ikeda / Polar Science 1 (2007) 45e53beam of EPMA, similar to the resin of the petrologic
thin section, and the Ka counts of alkali elements
rapidly decreased during the counting time of 10 s of
EPMA analyses.Width is about 17 mm.
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Fig. 1. Microscopic images of NWA1241. (a) NWA1241 chip under a stere
suessite (Sue). Optical microscope, open Nicol. (c) Back-scattered electron
a magnesian rim. (d) BSE image of a pigeonite grain (Pyx). (e) BSE image o
(f) BSE image of glass in close association of enstatite (En) and diopside3. Petrography and mineralogy
NWA1241 is a non-brecciated monomict ureilite
(Fig. 1a), consisting mainly of pyroxene, olivine, and100 μm
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oscope. (b) Pyroxenes (Pyx) predominantly occur in NWA1241 with
(BSE) image of a reversely-zoned olivine grain from a ferroan core to
f a suessite grain surrounded by terrestrial weathering products (gray).
(Di) euhedral crystals.
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materials, sulfide, phosphide, and glass. It is a medium
to coarse-grained rock with grain sizes of the main sil-
icates of 50w 500 mm in width (Fig. 1b). NWA1241 is
free from unusual textural features such as grain orien-
tation and poikilitic textures. The modal abundances are
pyroxene 68 vol.%, olivine 13%, suessitic metal 7%,
and others (mainly weathering products such as calcite
and holes) 12%. Carbonaceous materials occur as small
grains (less than a few tens of mm) in interstitial spaces
between silicate grains, and the modal abundance may
be less than 0.5%. Representative compositions of
minerals and glass are shown in Table 1.
3.1. Olivine
Olivine has grain sizes of 50w 500 mm in width,
and always shows reverse zoning (Fig. 1c). Cores are
0.82e0.85 in Mg/(Mg þ Fe) atomic ratios (hereafter,
mg#) and reduced magnesian rims are up to 0.99. The
magnesian olivine rims in NWA1241 are broader than
30 mm (Fig. 1c) in comparison to those in common
monomict ureilites, and contain many tiny metallic
grains (<1 mm) in addition to rare small diopside grains
(several mm across).
The Cr2O3 contents of olivine are shown in Fig. 2,
where those in olivine cores are 0.5e0.8 wt%, although
those at the outermost rims are less than 0.2 wt%. The
overall pattern of the Cr2O3 contents is similar to those
obtained by Warren (2004).
3.2. Pyroxene
Pyroxenes are the major phases and consist mainly
of pigeonite with minor magnesian pyroxenes. TheTable 1
Chemical compositions of olivine, pyroxene, glass, and suessite in NWA 12
Olivine Olivine Pyroxene Pyroxe
Core Rim Pig-core Enstati
SiO2 39.54 42.79 55.31 59.34
TiO2 0.00 0.00 0.03 0.01
Al2O3 0.00 0.00 0.71 1.61
Cr2O3 0.57 0.00 1.20 0.00
FeO 16.56 1.25 10.88 0.87
MnO 0.42 0.38 0.47 0.12
MgO 43.00 55.07 27.34 36.55
CaO 0.30 0.67 4.37 2.21
Na2O 0.00 0.00 0.05 0.03
K2O 0.00 0.00 0.00 0.00
Total 100.40 100.16 100.36 100.74
mg# 0.82 0.99 0.82 0.99
Alkali contents of glass decrease during the EPMA analytical time of abou
(see text).main pigeonite is En75e77Fs14e16Wo8e10 with
mg# ¼ 0.81e0.84, and has grain sizes of 50w 500 mm
in width (Fig. 1d). The minor pyroxenes are magnesian
pigeonite, magnesian orthopyroxene, and diopside.
The magnesian orthopyroxene with Wo ¼ 0e6% and
magnesian pigeonite with Wo ¼ 6e11% occur mainly
as small patches at rims of the main pigeonite or along
fractures in the main pigeonite, ranging in mg# from
0.84 to 0.99. Diopside occurs at magnesian rims of oliv-
ine as small grains in close association with magnesian
orthopyroxene.
Cr2O3 contents of pyroxenes are shown in Fig. 3,
where those in the pigeonite cores are high with
0.9w 1.3 wt% and those in the most magnesian pyrox-
ene are lower than 0.2 wt%. All pyroxenes are plotted in
Ca-Mg-Fe diagram in atomic ratios (Fig. 4). Magnesian
orthopyroxene with mg# ¼ 0.85w 0.90 co-exists with
magnesian pigeonite with similar mg#.
3.3. Metal, phosphide, and sulfide
Metallic phases in NWA1241 are mainly suessitic
phases including stoichiometric and non-stoichiometric
phases, and they have grain sizes smaller than 100 mm
in width (Fig. 1e). The stoichiometric phase (Fe3Si) is
suessite and contains Si of 13w 15 wt%. The non-stoi-
chiometric suessitic phase (hereafter, a1) has Si of
12w 13 wt% (Fig. 5a).
Although Ni contents of metallic phases are constant
with 3e5 wt% (Fig. 5c), Cr contents rapidly increase
with decreasing Fe contents (Fig. 5b). The Cr contents
may be supplied from olivine and pyroxenes by reduc-
tion to form their magnesian rims, suggesting that the
Cr-poor non-stoichiometric phase (a1) formed prior to
the Cr-rich suessite. The Cr-richer suessites tend to be41
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Fig. 2. Cr2O3 contents of olivine plot against their mg#.
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48 Y. Ikeda / Polar Science 1 (2007) 45e53enriched in Si, suggesting that they formed at later stage
under the most reduced condition.
Tiny grains (mostly <1 mm) of kamacite and schrei-
bersite are rarely included in pigeonite or olivine grains.
Tiny Cr-bearing sulfide grains occur very rarely in the
reduced magnesian olivine rims.
3.4. Glass
Glass occurs in negligible amounts at silicate grain
boundaries, sometimes including euhedral crystals of
diopside and enstatite (Fig. 1f). The major-element
composition of the glass (Table 1) corresponds to a
mixture of normative sodic plagioclase (An9e17Ab81e
87Or3e5) with normative components of silica and
corundum (Al2O3). The corundum components may
have been originally a part of feldspar component, but
they may have been produced by alkali loss by the ter-
restrial weathering (Fig. 6). Small fractions of Ca might
be lost from the glass by the weathering.
3.5. Carbonaceous materials
Small patches of carbonaceous materials occur in in-
terstitial spaces between silicate grains. The patches
consist mainly of carbonaceous materials of tiny graph-
ite or diamond with submicroscopic sizes (Nakamuta,0.80 0.85 0.90 0.95 1.00
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Fig. 3. Cr2O3 contents of pyroxenes plot against their mg#.oral communication). The existence of diamond indi-
cates that NWA1241 has suffered a moderate shock.
3.6. Weathering products
NWA1241 has suffered intense terrestrial weather-
ing, and the weathering products occur as large patches
of fine-grained aggregates, up to more than 500 mm in
size. They consist mainly of calcite with minor silica,
iron oxides and clay minerals, and seem to have
preferentially replaced olivine.75 80 85 90
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Fig. 5. Si (a), Cr (b), and Ni (c) contents of metals in NWA1241 plot
against their Fe wt%.
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Fig. 6. Glass in NWA1241 plots in a Na/Al e Ca/Al diagram in
atomic ratios. Plagioclase composition is shown by a bold line
with albite and anorthite for reference. Some fractions of the sodium
and calcium in the glass seem to be lost both by bombardment of an
electron beam during EPMA analyses and by terrestrial weathering
of the meteorite.
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Fig. 7. The mg# of olivine cores in monomict ureilites plot against
their modal pyroxene/(pyroxene þ olivine) ratios. Some fractions
of the original olivine in NWA1241 have been altered by terrestrial
weathering, and the altered olivine is included in original olivine
component here.
49Y. Ikeda / Polar Science 1 (2007) 45e533.7. Shock degree
Irregular and planar fractures are common in olivine
and pyroxene grains, suggesting that the shock degree
of NWA1241 corresponds to S2eS3 of weakly shocked
ordinary chondrites (Stoffler et al., 1991). This is
consistent with the results of Rubin (2006).
4. Discussion
4.1. Unusual characteristics
NWA1241 has two unusual characteristics. Firstly,
pyroxene is dominant over olivine in amounts for
NWA1241, whereas the situation is reversed for
common ureilites. Secondly, metallic phases are almost
entirely suessitic phases with Si ¼ 12e15 wt% in NWA
1241, although most common ureilites contain kama-
cite with Si < 3% (Goodrich, 1992) predominantly.
The modal composition of olivine in NWA1241 is
13 vol.%, although a fraction of the original olivine
seems to have been altered by terrestrial weathering,
and the modal composition of weathering products
and holes (12%) could be added to the original modal
composition of olivine. Thus, the upper limit for modal
composition of the original olivine prior to the terres-
trial weathering may be 25%. Thus, the modal ratio of
pyroxene/(pyroxene þ olivine) for NWA1241 is be-
tween 0.73 and 0.84 and shown in Fig. 7, where those
of common monomict ureilites (Goodrich, 1992) plot
together. Two unusual monomict ureilites, FRO90054
(Fioretti and Goodrich, 2000) and Hughes009
(Goodrich, 2001), consist of orthopyroxene, augite,
and olivine and contain magmatic inclusions in olivine
and pyroxenes. They are plotted in Fig. 7. Recently, an
anomalous ureilite MET01085 has been reported toconsist mainly of pyroxene without olivine (McCoy
et al., 2002; Kallemeyn and Warren, 2005), and it plots
in Fig. 7 on the right limit. NWA1241 contains some
amounts of olivine and locates between the common
monomict ureilites and the anomalous MET01085.
The pyroxene-rich nature of NWA1241 could be
explained by an apparent sampling problem, because
NWA1241 is medium to coarse-grained and it might
be heterogeneous in the scale of petrologic thin
sections. This possibility, however, may be small, be-
cause the thin section studied is enough large. Alterna-
tively, the source materials for NWA1241 could have
been enriched in pyroxene components, or it could
have been a mixture of a carbonaceous chondrite and
pyroxene-enriched materials such as E chondrites.
This means that the ureilite parent body (UPB) for the
common monomict ureilites was different from that
for the NWA1241 ureilite, or that the mantle of the
UPB was heterogeneous in chemical compositions.
Suessite occurs at silicate grain boundaries and
seems to be in equilibrium with the reduced olivine
rims (mg# ¼ 0.99). The suessite (Sue) may be produced
by reduction of FeO-bearing olivine (Ol) with kamacite
(Ka) and graphite (Gr), and a plausible candidate for the
reduction is;
Fe2SiO4 þ Feþ 4C/Fe3Siþ 4CO
Ol Ka Gr Sue Gas
ð1Þ
This equation may be valid only for NWA1241, because
common monomict ureilites contain Si-bearing kama-
cites instead of suessite, suggesting that the oxygen fu-
gacity for NWA1241 was lower than those for common
50 Y. Ikeda / Polar Science 1 (2007) 45e53monomict ureilites. Ni contents of the suessite (about
4 wt%) may have derived from the original kamacite
or taenite which may have occurred before the
formation of suessite.
4.2. Equilibrium crystallization temperature
Small diopside grains in NWA1241 occur within the
magnesian olivine rims. Enstatite grains also occur in
close association with the magnesian olivine rims,
suggesting that diopside may have been in equilibrium
with the enstatite. Application of the two-pyroxene
geothermometer (Lindsley and Andersen, 1983) gives
an equilibrium temperature for the diopside and ensta-
tite pairs of about 1230e1100 C, which may be near
the solidus temperature of the NWA1241 ureilite. A
ureilite parent body which was still at high tempera-
tures was disrupted and broken to eject blocks of ure-
ilites into space, which may have suffered reduction
around about 1230e1100 C to produce suessite and
the reduced olivine rims in NWA1241 according to
Eq. (1).
4.3. Stage-I and stage-II reductions
Most ureilites have experienced two-stage reduction.
Stage-I reduction was effective for the olivine and
pyroxene cores in ureilites, and formed the framework
of monomict ureilites in a UPB. The stage-I reduction
corresponds to the smelting process (Walker and Grove,
1993), where olivine and pyroxene coexist with kama-
cite and graphite. It produced silicate partial melts at
a high temperature range. Mineral assemblages of the
common monomict ureilites were produced by Single-
tary and Grove (2003) in experiments at 50e125 bars
over the temperature range of 1200e1290 C under
the IW buffer. Heat sources of the stage-I reduction
may have been supplied by short-lived radioactive
isotopes such as Al26 (Kita et al., 2003, 2005). The heat-
ing may have caused partial melting of the ureilite
source materials, resulting in basaltic igneous activity
on the surface of the UPB (Ikeda and Prinz, 2001;
Kita et al., 2004) which had left most monomict urei-
lites as residues in the UPB mantle. At the same time,
fugacity of CO gas increased up to around 100 bars at
a high temperature range. The high pressures of CO
gas in the stage-I reduction, probably with trigger of
an impact collision, may have broken the UPB into
many blocks. The trigger impact is necessary because
most ureilites more or less experienced impact shocks
and often produced diamond from graphite in some
ureilites (Nakamuta and Aoki, 2000).Most monomict ureilites show stage-II reduction to
produce reversely-zoned magnesian rims of olivine
grains. The formation of the reverse zoning of olivine
may have taken place under rapid cooling conditions,
because the pigeonite produced by the stage-I reduction
remained as it was in the common monomict ureilites.
Therefore, the stage-II reduction should have been
a rapid cooling process, which may have taken place
during ejection of ureilite blocks just after the cata-
strophic destruction of the UPB. Gaseous components
such as CO and O2 may have leaked from the ejected
ureilite blocks, and the leakage of the gaseous compo-
nents promotes the reaction Eq. (1) towards right-
hand side, resulting in stage-II reduction in NWA1241.
4.4. Scenario
Thermodynamic calculation for an assemblage of
{metal þ olivine þ pyroxene} was carried out in order
to obtain oxygen fugacities of stage-I and -II reductions
for NWA1241 and common monomict ureilites. Equi-
librium reaction for stage-I reduction (smelting process)
is;
Fe2SiO4 ¼ FeSiO3 þ Feþ 1
2
O2
Ol Pyx Ka Gas
; ð2Þ
and reaction for stage-II reduction of NWA1241 ureilite
is;
2Fe2SiO4 ¼ FeSiO3 þ Fe3Siþ 5
2
O2
Ol Pyx Sue Gas
: ð3Þ
Eq. (3) is similar to Eq. (1), and the difference between
the two is whether kamacite and graphite are reactants
or not. Thermodynamic data were quoted from Robie
et al. (1978), Williams (1971) and Borisenko (2000).
The results are shown by deep-blue lines for reaction
(2) and by a red line for reaction (3) in Fig. 8, where
stage-I and -II reductions are denoted by bold arrows.
A deep-blue bold arrow shows the process of the
stage-I reduction to produce the frameworks of most
monomict ureilites. A small deep-blue ellipsoid corre-
sponds to the final condition of monomict ureilites
which was obtained by experiments of Singletary and
Groove (2003a,b) and is consistent with formation con-
ditions for common monomict ureilites estimated by
Goodrich et al. (2006).
After the stage-I reduction, catastrophic destruction
of the UPB happened (Warren et al., 2006), and many
fragmental blocks of monomict ureilites were ejected
in space. The stage-II reduction may have proceeded
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Fig. 8. Oxygen fugacity for ureilites plots against reciprocal temperatures. Oxygen fugacities for graphite and CO gas under gas pressures of 100,
1, and 0.1 bars are shown by dashed purple lines with black letters, that for magnetite and iron by a light blue line, those for kamacite and olivine
with various fayalite mole contents of 0.2, 0.1, and 0.01 by deep blue lines, that for the canonical solar gas by a dashed green line, that for suessite
and olivine with a fayalite mole content of 0.01 by a red line, and that for silica and silicon by a pink line. A bold blue arrow shows a trend for the
stage-I reduction, and a blue ellipsoid shows the final condition for common monomict ureilites obtained by Singletary and Groove (2003). A bold
red arrow shows a trend of the stage-II reduction for unusual NWA1241 with suessite, and a red circle indicates a temperature of about 1400K.
A bold purple arrow shows a schematic trend of the stage-II reduction for common monomict ureilites.
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O2 from the ejected ureilite blocks, and many trends
may have formed according to the ease of the gas
leakage during the high temperature range to produce
reversely-zoned magnesian olivine rims in monomict
ureilites. In Fig. 8, red and purple bold arrows show
two representative physical trends of the stage-II reduc-
tion after the destruction of the UPB for suessite-bearing
NWA1241 and kamacite-bearing common monomict
ureilites, respectively. A red ellipsoid corresponds to the
final condition of a temperature range of 1500e1400K
(1230e1100C) and oxygen fugacity of 1018e1020
bars for NWA1241.
4.5. UPB models and polymict ureilites
Three hypotheses (following A, B and C) are dis-
cussed here for monomict ureilites including unusual
monomict ureilites such as NWA1241. (A) First model
assumes a UPB having a heterogeneous mantle, which
consists of carbonaceous chondritic materials and py-
roxene-enriched substances such as enstatite chon-
drites. Therefore, the UPB can produce the common
monomict ureilites as well as pyroxene rich monomict
ureilites similar to the NWA1241 unusual ureilite. De-
struction of the UPB may have produced many small
and large blocks. Large blocks may let gradually lose
the gaseous components, whereas small blocks may
rapidly lose them. At the same time, cooling rates forsmall blocks may be rapid in comparison to large
blocks, meaning that blocking temperatures of elemen-
tal diffusion in silicates may be higher for small blocks
than for large blocks. Large blocks may have resulted in
the stage-II reduction for common monomict ureilites,
whereas the stage-II reduction may have taken place
in small blocks for suessite-bearing monomict ureilites
such as NWA1241. The more intense the leakage of the
gas components is, the more readily suessitic metal may
have formed according to the Eq. (1).
(B) Second model assumes a UPB having a homoge-
neous mantle which consists of carbonaceous chondritic
materials. Partial melting takes place in the mantle to
produce basaltic magmas, and pyroxene-rich ureilites
such as NWA1241 could be produced as cumulates
from the basaltic magmas in the UPB. Some unusual
monomict ureilites such as FRO90054 and Hughes009
are rich in pyroxene and contain magmatic inclusions
in zoning-free olivine and pyroxene grains. They are in-
terpreted to be pyroxene-rich cumulates produced from
basaltic magmas in the UPB (Fioretti and Goodrich,
2000; Goodrich, 2001). However, NWA1241 never con-
tains magmatic inclusions and has reversely-zoned oliv-
ine grains, indicating that NWA1241 differs from
FRO90054 and Hughes009. NWA1241 could be dioge-
nitic cumulates including olivine, but diogenite never
contains carbonaceous materials although NWA1241
contains them. It may be difficult for cumulates to con-
tain carbonaceous materials as a cumulative phase,
52 Y. Ikeda / Polar Science 1 (2007) 45e53suggesting that NWA1241 may not be cumulates from
basaltic magmas.
(C) Third model contains at least two UPBs consist-
ing of homogeneous mantle. The common monomict
ureilites were produced in one UPB having carbona-
ceous chondritic compositions, whereas unusual mono-
mict ureilites such as NWA1241 were produced in
another UPB having a pyroxene-enriched mantle. After
the catastrophic destruction of the UPBs, the common
monomict ureilites experienced moderate reduction in
early solar nebula, whereas the unusual monomict
ureilites such as NWA1241 experienced more intense
reduction than the former. For this case, reduction of
NWA1241 may have taken place under a nearly-vac-
uum condition which was different from conditions
for common monomict ureilites. Model (C) as well as
model (A) is plausible for formational processes of
NWA1241.
Polymict ureilites contain silicides such as suessite
(Fe3Si) and perryite (Fe5Si2) in addition to clasts of
common monomict ureilites (Prinz et al., 1983; Ikeda
et al., 2000). Therefore polymict ureilites are mixtures
of common monomict ureilites and silicide-bearing
unusual ureilites such as NWA1241. Thus, NWA1241
is an important key connecting monomict ureilites
with polymict ureilites. After catastrophic destruction
of monomict UPBs, many ureilitic blocks had reas-
sembled to form a new UPB, and suessite-bearing poly-
mict ureilites may have been produced on the surface of
the new UPB by disaggregation of suessite-bearing
monomict ureilites such as NWA1241 in addition to
clasts of common monomict ureilites.
5. Conclusions
(1) NWA1241 is an unusual monomict ureilite
containing a high pyroxene/olivine ratio with abun-
dant suessite.
(2) The high pyroxene/olivine ratio suggests that the
precursor sources of NWA1241 may have been
pyroxene-enriched materials containing carbona-
ceous materials.
(3) Suessite formed in a stage-II reduction process at
temperatures of about 1500e1400K and oxygen
fugacity of about 1018e1020 bars.
(4) Suessite in NWA1241 may have formed during the
Stage-II reduction by rapid leakage of gaseous
components such as CO and O2, although common
ureilites may have leaked them more slowly to
produce Si-bearing kamacite. Alternatively, stage-
II reduction for NWA1241 took place under an
extremely reduced condition such as vacuum,whereas common monomict ureilites reduced in
stage-II under a moderate redox conditions.
(5) Silicide-bearing monomict ureilites are indispens-
able components of polymict ureilites in addition
to common monomict ureilites, and NWA1241 is
an important connection between monomict and
polymict ureilites.Acknowledgement
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